To find out the degradation behavior of polymer in the real space, space exposure experiments utilizing the International Space Station (ISS) were scheduled. PEEK sheets under tensile stresses were exposed to the environment around the ISS orbit, and were irradiated by atomic oxygen (AO), ultraviolet ray, and electron beam (EB) in the ground test facility. This study introduces the outline of these experiments, and shows the results of AO and EB pilot irradiation tests as follows: (1) Test piece surfaces after AO exposure exhibited significant morphological damages characterized by micron-sized conical pits. (2) Thickness reductions of the test pieces by AO exposure increased with increasing tensile stress. (3) Residual strength after AO exposure could be estimated by taking account of thickness reduction. (4) No significant change was observed on surface morph, mass, chemical structure, and tensile properties of the test pieces after EB exposure regardless of tensile stress.
The Space Exposure Experiment of PEEK Sheets under
Tensile Stress
Introduction
In recent years, polymeric materials are getting important for fabricating space structures. Especially, polymeric sheets are essentially needed for inflatable structures (1) , the state of the art technology in construction of space facilities such as moon bases, large space antennas. These space-based structural members have to hold a certain amount of load in the real space. However, space can be extremely harsh to polymers due to the presence of several types of radiation and atomic oxygen (AO) (2) . In particular, it is known that many polymeric materials are damaged by AO in low earth orbit, altitudes from 200 to 700 km where the International Space Station (ISS) goes around (3) . At this stage, we have insufficient data on interrelation between tensile stress and degradation behavior of polymeric materials suffered from the "real" space en-vironment.
To investigate these phenomena, we organized two kinds of experiments: one was a space exposure experiment and the other was a ground control experiment. Figure 1 shows an outline of these experiments. The space exposure experiments expose Poly-Ether-Ether-Ketone (PEEK) sheets with tensile loads to the real space environment. This research is a part of a space exposure experiment program named as Micro-Particles Capturer and Space Environment Exposure Device (MPAC&SEED) experiment (4) implemented by the Japan Aerospace Exploration Agency (JAXA). This exposure experiment started in October 2001, utilizing the ISS Russian Service Module, and is still ongoing now. In contrast, the ground control experiments irradiate AO, ultraviolet ray (UV) and electron beam (EB) artificially to the PEEK sheets of the same kind using ground facilities of JAXA.
This report introduces the outline of the space and the ground experiments, and shows the first available results of pilot irradiation tests carried out before the regular ground experiments. After exposure in space, data will be analyzed together with these ground results to investigate the degradation process of tension-loaded polymers in the space environment. 
Space Exposure Experiment Program

1 Material
Materials to be used in space must have a high heat resistance. More specifically, we have to select materials capable of withstanding temperatures higher than +100
• C∼+150
• C according to estimated temperatures of exposure devices. After narrowing the candidate materials to several varieties in terms of heat resistance, PEEK was finally selected by the AO and UV pre-irradiation test. PEEK is one of crystalline thermoplastic polymers. Its molecular structure is shown in Fig. 2 . We use FS-1100C (produced by Sumitomo Bakelite Co., Ltd.) with a 0.4 mm thickness as our PEEK sheet. The high heat resistance (Continuous service temperature: 260
• C) of this material is achieved by the aromatic structures. PEEK has an excellent heat resistance and a radiation proof property similar to polyimide, which is a well-known space material at present. Compared with the polyimide, PEEK has a better workability to fabricate thin sheet type products resulting from its thermo-plastic properties. Figure 3 shows the test pieces for the space exposure experiments. Three types with different widths were fabricated from sheets with a 0.4 mm thickness. The axial direction of each test piece was same as the drawing direction of the sheets. A test piece attachment is shown in Fig. 4 (5) . A tensile load was applied to the specimen by a tension spring. The initial stresses were determined to 0, 1.57, and 4.70 MPa by the different specimen widths. The ratios of initial stresses to yield stress (≈ 85 MPa) were 0, 2, and 5%, respectively.
2 Space exposure experiments
A sample holder is shown in Fig. 5 . On this holder Test piece attachment for the space exposure experiments (5) mounted were four test piece attachments: two were with no stress but one each was with low stress and high stress. Onboard also were many other samples proposed by other researchers. Three sets of sample holders were fixed to the outside of the service module. The surfaces of the test pieces were set perpendicular to the forward direction of the ISS. The ISS goes around its orbit at an altitude of about 400 km at a velocity of about 8 km/s. The individual sample holders were scheduled to be exposed for 1, 2, and 3 years with an annual recovery by a Soyuz spacecraft as shown in Fig. 1 . One sample holder exposed for one year in space was returned to the earth in November 2002, and the analyses and evaluations of the test pieces are ongoing at Hokkaido University. The major contents of the analyses are as follows: • Physical factors: Change in mass loss, thickness, surface morph, and reaction efficiency
• Chemical factors: Change in chemical structure, molecular weight, and crystallinity
• Mechanical factors: Change in tensile properties (elastic modulus, yield strength, tensile strength, necking stress, elongation, and energy at break) and fracture processes By measuring these factors, we hope to clarify the time dependant degradation process affected by different exposure periods. We understand, however, that it will be difficult to distinguish environmental effects clearly because AO and other various types of radiation will affect test pieces at a time. To address this problem, we planned ground control experiments.
3 Ground control experiments
Ground control experiments use AO, UV, and EB as representatives of the residual atmosphere, direct sunlight, and particulate radiation, respectively. Irradiation tests are ongoing using the Combined Space Effects Test Facility of JAXA. As shown in Table 1 , this facility can irradiate single source of AO, UV, and EB to test pieces in the vacuum environment. The fluence of each irradiation was selected to be equivalent to that during six months, one year, and three years on the ISS orbit. Analyses and evaluations Figure 6 shows the test piece attachment for the ground control tests. Four test pieces were mounted on the attachment, and two of them were loaded by different coil springs. Although the test piece shapes were slightly different from those shown in Fig. 3 , as the widths were 25 mm, 7.8 mm, 11 mm for no stress, low stress, and high stress, respectively, the initial stresses were same as those of space exposure experiments. Two AO monitors (Kapton) are also shown in Fig. 6 . The AO fluence was measured by using mass losses of these monitors.
Pilot Irradiation Tests before the Ground Control Experiments
Before the regular ground control experiments mentioned in section 2.3, we conducted pilot irradiation tests using AO and EB beams. The pilot irradiation tests were programmed to blush up experimental methods and analysis points of the ground control experiments. This chapter introduces main results of the pilot irradiation tests.
3. 1 AO exposure 3.
1 Experimental procedure
The experimental conditions of pilot AO exposure tests are shown in Table 2. The AO fluence was 2.79 × 10 20 atoms/cm 2 . This is an average value measured by the two AO monitors, and is equivalent to about 1 -3 weeks on the ISS orbit. The AO velocity, 8.1 km/s, was same as the ISS speed. The trans- Table 2 Conditions of AO exposure Fig. 7 Test piece surface after AO exposure lational energy of the AO beam with this velocity is 5 eV. The applied stresses during exposure were same as those of the regular space exposure and ground control experiments.
Before and after AO exposure, mass loss, exposed area, surface morph, and tensile properties were examined. Mass loss was measured by using an electron balance (Sartorius, ME215P). The surface appearance was observed by a digital microscope (Scalar, HDM2100 V), and the surface morph was measured by an Atomic Force Microscope (AFM: Digital Instruments, NanoScope III). Tensile strength tests were carried out according to the ASTM D882-95a, with a strain rate of 0.1 mm/mm/min, and at a temperature of 23 ± 2
• C and a relative humidity of 50 ± 5%. Before the tensile tests, each specimen had been cured for 48 hours under the same conditions. Each test piece for tensile tests was cut from the ground control specimens with a width of 1 mm. Figure 7 shows a specimen surface after AO exposure. The central circular area corresponded to the irradiated region, and was clearly distinguished from unexposed area. This phenomenon was observed on all exposed samples regardless of applied stress. Figure 8 shows AFM images of specimen surfaces before and after exposure. The specimen surface after exposure exhibited significant damage characterized by conical pits of 1 µm sizes with a few µm depths. This cone-like structure is similar to the surface of polyimide and some other polymers after AO exposure (3) , (6) . There was no significant difference on the surface feature among applied stresses. Table 3 shows the average thickness reductions of the test pieces calculated by using mass losses and exposed areas. The thickness reduction by AO attack was about 8-10 µm, and increased with increasing stress. Generally, both chemical reactions and sputtering effects are consid- Table 3 Thickness reductions by AO exposure ered to be major factors on mass loss of polymers by AO attack. According to an experiment using polyimide (2) , AO reacted with the polymer preferentially at a particular site in the chemical structures under a relatively low energy AO beam with 5 eV although a sputtering effect was significant under a high energy AO beam with 50 eV. This result indicates that chemical reactions may be dominant in this study since the translational energy of AO was 5 eV. In such a case, the increase of the thickness reduction with increasing stress may be explained by using thermal activation process (7) in which tensile stress lowers the activation energy of chemical reaction between AO and material. The validity of this idea must be checked by further experiments including higher stress and larger flu-ence; however, the results shown in Table 3 are important to use polymers to space structures since structural members usually sustain certain amount of stress in the real space environment.
1. 2 Experimental results
The strength of the material after AO exposure may be affected by several factors such as the reduction of specimen thickness, the stress concentration resulting from the surface morph as shown in Fig. 8 , and the chemical reaction layer with AO, etc. To know the main factor that influences strength properties, we carried out tensile strength tests before and after AO exposures.
Tensile strengths and elongations are shown in Figs. 9 and 10 respectively. Here, tensile strengths after AO exposure were calculated by using reduced thickness (reduced section area) of the test piece. Tensile strengths after AO exposures were almost same as those of pristine samples regardless of the applied stress. Elongations also did not show significant changes after exposure. Other tensile properties, for example, yield stress, and tensile energy to break, were almost same between exposed and pristine samples. These results suggest that chemical reaction layer of exposed sample is too thin to affect mechanical behavior of PEEK sheets with a 0.4 mm thickness, and that residual strength of this material after AO exposure can be estimated by taking account of thickness decrease. 
2 EB exposure 2. 1 Experimental procedure
The experimental conditions of pilot EB exposure tests are shown in Table 4 . The EB fluence, 1.77 × 10 12 e/cm 2 , was equivalent to about 0.5 year of the ISS orbit, and the EB dose was 0.886 kGy. Some reports investigating a durability of PEEK against EB have used high dose from 100 kGy to 100 MGy (8) , (9) . Compared with the values, we used small dose focusing on a practical use on the ISS orbit. The applied stresses during exposure were 0, 1.02, and 3.66 MPa, and were about the same or slightly lower compared with those of the regular space exposure and ground control experiments.
Before and after EB exposure, surface appearance, mass, tensile strength properties, chemical structures, T g (Glass transition temperature), and T m (Melting temperature) were measured. Experimental procedures of surface observations, mass measurement, and tensile strength tests were same as those of AO exposure tests. Chemical structures were analyzed by using Fourier transform infrared spectroscopy (FT-IR, (ATR), Spectrac, Iµ-II). T g and T m at surface layers with 0.1 mm depth of the specimens were measured by using a DSC (SEICO Instruments, DSC6200).
2. 2 Experimental results
Surface observations clarified that no significant change in surface morphs of the specimens before and after exposures. Mass reduction of 0.01% was measured after EB exposure; however, the change is too small for us to recognize a significant difference.
Tensile strengths and elongations are shown in Figs. 11 and 12 respectively. Tensile strengths after EB exposures were almost same as those of pristine samples Table 4 Conditions of EB exposure Table 5 Heat properties of test pieces before and after EB exposure regardless of applied stress. Elongations also did not show significant changes after exposure. Other tensile properties, for example, yield stress, and tensile energy to break, were almost same between exposed and pristine samples. FT-IR analyses showed no significant change in spectra before and after exposures. Table 5 showed thermal properties measured by DSC. The T g , T m , and other thermal parameters after exposure were almost same with those of pristine samples.
According to the data mentioned above, we clarified that radiation resistance of PEEK is so high that EB environment for 0.5 year on the ISS orbit gave no effect on material properties.
Conclusions
To clarify the effect of tensile stress on degradation behavior of polymer in space, space exposure experiments of PEEK sheets under tensile stresses were scheduled together with the ground control experiments. The outline of both experiments was introduced. The main results of pilot irradiation tests using AO and EB beams for the ground control experiments were shown as follows:
( 1 ) Test piece surfaces after AO exposure exhibited significant damages characterized by micron-sized conical pits.
( 2 ) The thickness reduction by AO exposure increased with increasing stress. ( 3 ) The residual strength after AO exposure can be estimated by taking account of thickness decrease regardless of tensile stress.
( 4 ) No significant change was observed on surface morph, mass, chemical structure, and tensile properties of test piece after EB exposure regardless of tensile stress.
